1. Species-specific responses to the range of microsites resulting from canopy gap formation may contribute to coexistence in tropical forests. We investigated the effects of four factors affected by canopy gap formation (red : far-red light, soil nitrate concentrations, soil temperature fluctuations and soil water potential) on the germination response of four pioneer Piper species (P. dilatatum, P. hispidum, P. marginatum and P. peltatum) that are typically found in canopy gaps and clearings. 2. All four Piper species required light for maximum germination. However, the ratio of red : far-red light (R : FR) resulting in maximum germination varied between species. Piper peltatum will germinate in simulated understorey light conditions; P. dilatatum and P. hispidum require conditions typically found in small to medium gaps; while P. marginatum requires the conditions appropriate to large gaps. 3. Only P. marginatum was affected by nitrate concentration: elevated concentrations increased the germination rate. This suggests that this species could detect canopy gaps using a combination of high R : FR and elevated soil nitrate concentrations. 4. The germination rate of P. marginatum was least sensitive to low water potentials and high daytime temperatures characteristic of large gaps. Piper peltatum was most sensitive to these treatments, while P. dilatatum and P. hispidum were intermediate in response. 5. A principal components analysis of the ratios of germination in understorey to large gap conditions, for four variables, generated a significant axis that explained 88 5% of the variance in germination response between species. Differential species distribution along this axis, based on species-specific responses, may allow germination to occur in the most suitable microsite for onward growth of the seedling and contribute to species coexistence by reducing interspecific competition.
Introduction
Many explanations have been proposed to account for the coexistence of tree species in species-rich tropical forests. Some of these explanations have focused on niche differences that are expressed during the regeneration phase (Grubb 1977) , and range from preferences for different establishment substrates (Lusk 1995) to differential responses of seedlings to light gradients resulting from the formation of canopy gaps (Denslow 1980; Kobe 1999 ).
Among tropical forest trees and shrubs, a functional group, labelled 'pioneers', has been identified (Swaine 16, (258) (259) (260) (261) (262) (263) (264) (265) (266) (267) Thus species can be expected to undergo selection to germinate in conditions that are likely to be most suitable for their onward growth. This has been demonstrated in many studies (for example , Cruden 1974; Evans & Etherington 1990; Meyer et al. 1997 ) dealing with either inter-or intraspecific variation in the germination response of seeds collected from different parts of an environmental gradient. These studies found that when a species is restricted in distribution to a particular part of an environmental gradient, its seed germination characteristics are likely to be adapted to that particular set of conditions. Hence differential patterns of germination, rather than differences in seedling growth, may be partly responsible for the observed partitioning of species between different sizes of canopy gap.
Although seedling studies have commonly focused on the light environment within canopy gaps (Augspurger 1984; Kobe 1999) , gap creation leads to a gradient of changing microclimate across each gap that depends on gap size (Brown 1993) . In addition to greater irradiance reaching the forest floor, the light quality is altered, with an increase in red to far-red wavelengths (Vazquez-Yanes et al. 1990 ). More irradiance leads to warmer soil during the day and greater drying of the soil surface (Ashton 1992) . Furthermore, after gap creation the decomposition of plant debris and the death of fine roots causes a flush of plant-available soil nutrients, particularly nitrate (Denslow, Ellison & Sanford 1998) . Fluctuating soil temperatures (Thompson & Grime 1983) and increased soil nitrate concentrations (Hilton 1984 ) stimulate germination in a wide variety of temperate weed species. Therefore these factors may also enhance the germination of gap-demanding tropical trees.
Previous seedling studies have investigated the potential importance of partitioning of the light environment for coexistence, but none has investigated whether differential germination responses contribute to niche-based coexistence among tropical trees. Although it is well known that some small-seeded pioneer tree seeds detect a canopy gap from changes in spectral composition or soil temperature fluctuations (Vazquez-Yanes 1974; Vazquez-Yanes & Smith 1982) , few studies have compared interspecific differences in germination requirements under standardized experimental conditions. Studies that have been conducted have focused on the effect of differences in light quality on germination. For example, Orozco-Segovia & Vazquez-Yanes (1989) investigated the germination of four Piper species in relation to light quality, and reported interspecific differences that agreed with their observed gap size preferences in the field. Wide diurnal temperature fluctuations trigger the germination of some pioneer species such as Ochroma lagopus (Vazquez-Yanes 1974) , but it is not known how soil temperature affects pioneer species that do not require temperature fluctuations for germination, or whether species differ in their tolerance of large fluctuations in temperature. Similarly, the effect of water availability on germination is not known for pioneer species, although species that require large gaps might be expected to be more tolerant of dry conditions for germination than species typical of small gaps, because of the greater potential for soil drying in the surface layers in large gaps (Ashton 1992) .
Piper is a pan-tropical genus of herbs, climbers and shrubs containing over 1000 species (Burger 1972) . Four pioneer Piper species co-occur at our study site in Central Panama (Croat 1978) . This genus has been used frequently as a convenient model system for ecophysiological studies (Field & Vazquez-Yanes 1993) , and it enables us to test for differences in germination response to environmental conditions that are likely to result from adaptation rather than from phylogenetic differences. In this paper we test the hypotheses that (a) four co-occurring Piper species, which all require canopy gaps as adult plants, possess differential germination responses to four factors that are affected by canopy gap creation: the spectral composition of irradiance; nitrate concentration; water availability; and soil temperature, and (b) the four species will respond in a consistent and predictable manner to these factors in accordance with their patterns of variation across canopy gaps of different sizes. We interpret the responses in relation to potential species coexistence mechanisms.
Materials and methods

STUDY SITE AND SPECIES
Ripe fruits of four Piper (Piperaceae) species (Table 1) were collected between March and July 1999 from semideciduous tropical rain forest on Barro Colorado Island (BCI) (9° 10' N 79°50' W), Republic of Panama. These species all occupy well-lit microsites as adult plants (Croat 1978;  Table 1 ). Rainfall on BCI averages 2600 mm per year, with a pronounced dry season between January and April. The climate and vegetation of BCI are described in greater detail elsewhere (Leigh efa/. 1982) .
Seeds were cleaned by mashing the fruits in water and decanting off the fruit pulp. Seeds were then airdried in the dark prior to being air-freighted to Aberdeen, UK, where they were stored at room temperature in the dark until the start of germination experiments, in September 1999. Initial germination of the four species was assessed by germinating seeds in a growth cabinet (Fi-totron 600H, Fison Environmental Equipment, Loughborough, UK) at 26 °C and a ratio of red : far-red light (R : FR) of 20 (12 h day/12 h night). Seeds were sown on the surface of 1% agar in water in 50 mm Petri dishes. Germination of P. hispidum, P. marginatum. and P. peltatum was between 75 and 90%. However, germination of P. dilatatum was only 60%; a cut test on the non-germinated seeds revealed that they were non-viable rather than dormant. where n is the number of seeds germinated between scoring intervals; d the incubation period in days at that time point, and N the total number of seeds germinated in the treatment (Tompsett & Pritchard 1998) .
The effects of light quality and 10 ^ M potassium nitrate on final germination percentage of the study species were examined using two-way ANOVA on arcsine transformed data. To calculate germination rates, germination progress curves were plotted for each nitrate concentration, alternating temperature regime or water potential.
Subsequently, the times taken (t) to reach 50% of the final germination percentage at either 0 M NO3, a constant temperature of 25 °C, or zero water potential (at 26 °C) were noted, and the reciprocal (1/f) was plotted against nitrate concentration, temperature or water potential. One-way ANOVA and post hoc Fisher's LSD test were used to test for intraspecific differences in response to nitrate concentration and interspecific differences in germination rates at each temperature regime or water potential. In addition, the base potential for 50% germination (the lowest water potential at which germination can occur) of each species was calculated by extrapolating the least-squares regression line on the plot of l/? 50 against water potential to the xaxis intercept (Bradford 1990; Gummerson 1986 ). 
EFFECT OF LIGHT QUALITY AND NITRATE ON GERMINATION
Each of the four study species required light for maximum percentage germination (Fig. 2) . At a R : FR slightly higher than that of full sunlight (1-37), percentage germination was significantly higher than in the dark (f-test, P < 005 for each species). While increasing the R : FR resulted in a higher final germination percentage for each species, the four species differed in the minimum R : FR required for maximum germination. Piperpeltatum reached maximum germination at an R : FR of 008 or less. In contrast, P. dilatatum. Redifar red ratio P. hispidum and P. marginatum required ratios of approximately 0 25, 0 30 and 0 64, respectively, for maximum germination (Fig. 2 ).
Light quality also had a significant effect on the mean time to germinate (Fig. 3) . Across the range of light treatments, there was no effect on mean time to germinate for P. peltatum. (one-way ANOVA, F 5n = 2 39, P > 0 05). However, for the other three species, the few seeds that did germinate at low values of R : FR took significantly longer to do so than at higher ratios (oneway ANOVA, P. dilatatum F X4 = 6-57, P = 0 05; P. hispidum, F 4W = 45-4, P< 0-001; P. marginatum, F 3i = 165, P = 001; Fig. 3 ). In addition, germination of P. peltatum. was more rapid than in the other three species across all treatments and P. marginatum took the longest time to germinate, even at the highest R : FR, 1-37 (one-way ANOVA, F XS = 129-3, P < 0-001, Fig. 3 ).
Piper marginatum germinated significantly more quickly in the presence of 10~2 to 10"* M nitrate than at lower concentrations (one-way ANOVA, F 6p = 55-5, (Fig. 6) . A daytime temperature of 39 °C had no effect on percentage germination, although it reduced germination rate for all species. This was most marked in P. peltatum, with a 46% reduction in germination rate as the daytime temperature increased from 25 to 39 °C (Fig. 7) . For daytime temperatures of up to 34 °C, P. peltatum germinated significantly faster than P marginatum (one-way ANOVA, P < 005), with
P. dilatatum and P. hispidum intermediate in germination
rate. At a daytime temperature of 39 °C there were no significant differences in germination rate between the four species (one-way ANOVA, F 34 = 0-86, P = 0-530).
EFFECT OF WATER POTENTIAL
Increasingly negative water potentials reduced germination percentage in all four species (Fig. 8) . This was most marked for P. hispidum, with germination declining from 95 to 50% as the water potential decreased from 0 to -1088 kPa, whereas the germination percentage of P. peltatum was only reduced from 95% at 0 kPa to 82% at -1088 kPa (Fig. 8) . The germination rate
(1 lt 50 ) of all four species decreased linearly with decreasing Values of A and B are given in Table 3 Although all four Piper species required some irradiance for greater than 30% germination, there was a clear sequence from P. peltatum. to P. marginatum in the R : FR required for maximum germination (Fig. 2 ).
The R : FR within intact tropical forests is approximately 02, rising to approximately 1-2 in full sunlight (Vazquez-Yanes et al. 1990 ; Table 2 ). As R : FR is further reduced by a covering of litter (Vazquez-Yanes et al. 1990 ) and will be less in edges of the gap receiving less direct sunlight, the values in Table 2 The base potential is the potential at which llt i0 = 0 (as l// 50 tends to infinity).
disturbed sites. In contrast, P. dilatatum and P. hispidum would require only small to medium gaps. While P. peltatum should germinate in the shade of the understorey, and hence also in any size of gap, a covering of litter will further reduce R : FR and prevent germination. This would prevent all the Piper species from germinating under litter which would otherwise prevent emergence of the shoots of such small-seeded species, as suggested by Metcalfe & Turner (1998) While the species responded differently to light quality, each requiring a different R : FR for maximum germination, the few seeds of P. dilatatum, P.
hispidum and P. marginatum that did germinate at lower ratios took significantly longer than at higher ratios ( Fig. 3) . At low R : FR, these species would be at a disadvantage compared to P. peltatum.. In addition, these species (especially P. marginatum) germinated more slowly than P. peltatum., even at higher R : FR (Fig. 3) , suggesting that P. peltatum may have a competitive advantage in all sizes of canopy gap.
However, as discussed later, this will be an advantage only if it is more favourable to attempt establishment irrespective of the rainfall regime, as an increasing duration and frequency of surface drying will increase the mortality risk for rapidly germinating species. 1990 ) and that all the soil nitrate is in solution, this yields a nitrate concentration in the soil solution of between 2-3 and 4-4xl0^M for understorey sites. Denslow et al. (1998) reported 44-199 mg NO, kg' in gaps, which is equivalent to between 8-7 X 10^ and 3-9 x 10~3 M at a soil water content of 45%. While these concentrations are all sufficient to increase the germination rate of P. marginatum. (Fig. 4) potassium nitrate into the germination medium may provide more nitrate than is realistic, given that nitrate fluxes rapidly in some soils, such as in undisturbed coniferous forests (Stark & Hart 1997) . Nonetheless, the concentrations of nitrate that affect the germination rate of P. marginatum are similar to those in soils beneath canopy gaps. Piper marginatum. could therefore detect canopy gaps using a combination of light quality and elevated nitrate concentrations. As the soil nitrate concentrations in gaps increase with gap size (Denslow et al. 1998) , only species adapted to fairly large sizes of gap would be likely to respond to nitrate as a gap-detection mechanism. Piper marginatum required the highest R : FR for maximum germination to occur (Fig. 2) , which might explain why it was the only species to respond to nitrate. This is the first suggestion that tropical pioneers could detect gaps using nitrate, although nitrate stimulates the germination of temperate weeds (e.g. Avena fatua ; Hilton 1984) and has been implicated as a gap-detection mechanism in the chalk grassland herb Plantago lanceolata (Pons 1989) . However, seeds of the four Piper species are dispersed through defecation by bats and birds (Fleming 1985) . This may provide seeds with a potential nitrate source, although it is difficult to interpret the observation that only one of the four species responds to nitrate, if faeces contain functionally significant quantities of nitrate. The effect of nitrate on the germination of P. marginatum interacted with light quality; seeds were able to germinate at lower R : FR if nitrate was present (Fig. 5) . This interaction could be explained by the influence of nitrate on the sensitivity of phytochrome receptors (Hilhorst 1990) . Thus the control of germination in some light-sensitive pioneer species can be more complex than has been suggested (e.g. OrozcoSegovia & Vazquez-Yanes 1989; Vazquez-Yanes & Smith 1982) . The omission of nitrate from the germination medium used in experiments on light-sensitive pioneer seeds may therefore limit the ecological significance of previous studies.
EFFECT OF TEMPERATURE ON GERMINATION
Diurnally fluctuating temperatures increase the germination percentage in several comparatively large-seeded pioneer species (e.g. Ochroma lagopus; VazquezYanes 1974) . This response enables them to emerge from soil deeper than irradiance can penetrate. In contrast, the negative effect of high daytime temperatures, typical of large canopy gaps (Fig. 1) , on germination (Fig. 6) suggests that all the study species could have difficulty in establishing in the centre of large canopy gaps if they were not buried sufficiently deep, and were not germinating in soil with a moist surface sufficient to avoid lethal temperatures. The amplitude of soil temperature fluctuations decreases with increasing soil depth. The comparative absence of small-seeded species from large gaps may reflect an inherent limitation of small seed size, namely, that such seeds can emerge from shallow depths (Bond et al. 1999) only where the maximum temperature is likely to be lethal. Brokaw (1987) reported gap-size preferences of three pioneer species on BCI. The smallest-seeded species, Miconia argentea (seed weight 0 08 mg; Dalling, Hubbell & Silvera 1998), was found most commonly in small gaps, while the larger-seeded species (Cecropia insignis and Trema micrantha, 0 68 and 3 9 mg, respectively; Dalling et al. 1998) , which could germinate from deeper soil, were more frequent in larger gaps.
As the maximum daytime temperature increased, the difference in germination rate between the four species reduced. By 39 °C there were no significant differences in germination rate among them (Fig. 7) . As the maximum soil temperature decreases with increasing depth, the larger-seeded species (e.g. P. dilatatum and P. marginatum), which may be able to emerge from greater depth, are more likely to establish in larger gaps than the other species, as the germinating seeds will be less likely to encounter lethal temperatures.
EFFECT OF WATER AVAILABILITY ON
GERMINATION
Species that grow in dry conditions have seeds able to germinate at more negative water potentials than species from wetter environments (Evans & Etherington 1990) . Germination rate also decreases with decreasing water potentials (Gummerson 1986 ). For our four Piper species, germination percentage and germination rate were reduced as water potential decreased ( Fig. 8; Table 3 ). Piper peltatum had the fastest germination rate at all potentials except -1088 kPa, and maintained the greatest percentage germination at -1088 kPa. It can be advantageous to have a shorter time to germination because this will increase the probability of establishment in advance of more slowly germinating species after rainfall. However, there is also an associated risk: once a seed has germinated beyond a critical stage it cannot survive and germinate after subsequent desiccation, and the seedling will die unless the root can outpace the rate at which the surface soil layers are drying (Townend et al. 1996) . Such wetting and drying might be common in gaps during the dry season and at the start of the wet season, and might be more pronounced in larger than in smaller gaps. Consequently, the shorter time to germination in P. peltatum can improve its competitiveness in small gaps, but would increase the risk of mortality in large gaps. The seeds of the other three species are three or more times heavier than those P. peltatum. Heavier seeds are more likely to be able to emerge from greater depth (Bond et al. 1999 ) and have faster root growth which will favour survival during dry spells.
The germination rate of all four species was the same at -1088 kPa. However, that of P. marginatum was proportionately less affected by decreasing potential than the others (smallest B in better adaptation to conditions typical of larger canopy gaps. In addition, P. marginatum had a more negative base potential (water potential at which l/t 50 = 0 day -1 ; Table 3 ) for germination than the other species, consistent with it being adapted to larger gaps.
ECOLOGICAL IMPLICATIONS
The four species separated along only one PCA axis of germination response to the simulated understorey :
large gap conditions. The correlations between the four variables used in the PCA (Table 4) Piper peltatum produces many small seeds all year round. These seeds can germinate rapidly in most sites, provided they are sufficiently close to the soil surface, except in large gaps where they may be killed by the high soil temperatures. The need for P. peltatum to germinate near the soil surface, because of its small seeds, may mitigate against either successful establishment or competition with seedlings of the three larger-seeded species in medium-to-large canopy gaps. The fact that this species, unlike the other three, is a herb (Table 1) , coupled with its year-round fruiting, prodigious seed production and rapid germination, suggests an opportunism that is based more on increasing the probability of germination in suitable microsites than on seed dormancy until conditions become suitable for germination.
In conclusion, these four Piper species show different germination patterns in response to the environmental variation caused by canopy gap formation, and these differences may help explain the coexistence of these species. The combined responses of these species to more than one environmental cue (or limitation) may enable them to detect different gap sizes and hence to coexist by reducing interspecific competition.
